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Low-field anisotropy of magnetic susceptibility (AMS) 
study was performed on the clastic sandstones of the 
Jhuran Formation from the Jara dome in the Kachchh 
basin. The AMS results consistent with petrographic 
analysis indicate primary deposition fabric for Arkose, 
sub-litharenite, wacke and quartz arenite sandstones 
of the Jhuran Formation. Isothermal remanent mag-
netization and thermal demagnetization curves indi-
cate that magnetite, titano-magnetite and hematite are 
the chief magnetic minerals contributing to the AMS. 
The distribution of K1, K2 and K3 axes in the stereo-
graphic projections suggest depositional fabric deve-
lopment for arkose, sub-litharenite and wacke, 
whereas dispersed K3 axes for quartz arenite are  
inferred to be due to low strain activity. The shape 
factors T, q confirm the oblate-shaped ellipsoid and 

horizontal fabric respectively, for all samples. The re-
constructed palaeoflow directions for arkose and sub-
litharenite are NW–SE and for wacke and quartz 
arenite are NE–SW based on K1 AMS axis. 
 

Keywords: AMS, magnetic fabric, Kachchh basin,  
palaeoflow directions. 
 

IN clastic sedimentary rocks, magnetic fabric is produced 
during physical transportation and deposition of magnetic 
particles. Studies of the magnetic fabric provide informa-
tion concerning palaeoflow directions, environment of 
deposition, influence of tectonism and weak deformation 
of rock units1–3. The low-field anisotropy of magnetic 
susceptibility (AMS) is a widely used technique to de-
termine the magnetic fabric and palaeoflow direction of 
the sediments and sedimentary rocks, particularly sand-
stone. Generally the shape of the magnetic susceptibility 
ellipsoids provides insight into the mode of deposition, 
i.e. in still water, the minimum susceptibility axes of the 
grains are clustered on the pole, while the maximum and 
intermediate axes disperse uniformly on the bedding 
plane. Whereas the flowing water current results in the 
alignment of susceptibility axes which lie in different  
directions4–8. 
 This communication presents AMS results of sand-
stone of the Upper Jurassic (Kimmeridgian to Tithonian) 
Jhuran Formation exposed in Jara dome in the Kachchh 
sedimentary basin. 
 The Kachchh basin is located in western India (Figure 
1). Formation of the basin is linked to the break-up  
between eastern and western Gondwanaland during Late 
Triassic/Early Jurassic period9–11. The rift basin contains 
several intra-basinal strike faults such as the Island Belt 
Fault (IBF), the Banni Fault (BF), the Kachchh Mainland 
Fault (KMF), the Katrol Hill Fault (KHF) and the South 
Wagad Fault (SWF). A first-order meridional (NNE–
SSW) high is found across the middle of the basin12. 
 The basin consists of 2000–3000 m thick Mesozoic 
sediments ranging in age from Lower Jurassic to Lower 
Cretaceous, 600 m of Tertiary sediments and a thin sheet 
of Quaternary sediments. The rock outcrops are better 
exposed in the uplifted regions of the basin, such as 
Kachchh Mainland, Pachham Island, Khadir Island, Bela 
Island, Chorar Island and Wagad uplifts. Lower Jurassic 
to Lower Cretaceous are well preserved in the Kachchh 
Mainland. The stratigraphic succession of Kachchh 
Mainland is divided into four formations, namely Jhurio 
(Bathonian to Callovian), Jumara (Callovian to Oxfor-
dian), Jhuran (Kimmeridgian to Lower Cretaceous) and 
Bhuj (pre-Aptian to Santonian (?)) Formations in ascend-
ing stratigraphic order13, are best exposed in a series of 
domes at Habo, Jhura, Keera, Nara, Jumara and Jara hills 
(Figure 1). The lithological sequence of these formations 
consists of clastic sandstone, siltstone, shale and lime-
stone with distinct demarcation boundary, deposited in 
marine to fluviodeltaic conditions. 
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Figure 1. Simplified geological map with major structural features of Kachchh basin showing the study area, Jara dome (red rectangle; modified 
after Wynne24). 
 
 
 The Jara dome is situated on the western fringe of the 
Mainland Kachchh where the Jumara, Jhuran and Bhuj 
formations are best exposed. The lithostratigraphic  
sequence of Jhuran Formation in Jara dome containing  
alternating beds of sandstone and shale stratigraphically 
overlies the Jumara formation (Figure 2). The study area 
covers ~500 m thick sediments belonging to Lower and 
Middle members of the Jhuran Formation. The Lower 
members include shale, siltstone, yellow and red sand-
stone and the Middle members include shale with  
ferruginous sandstone beds. 
 Figure 3 shows photomicrographs of sandstones of 
Jhuran Formation. Petrographically the sandstones are 
fine-grained, sometimes medium to coarse-grained, poor 
to moderately sorted with fair amount of matrix. Quartz, 
K-feldspar, plagioclase, lithic fragments and detrital 
grains are present. Quartz is subrounded to subangular 
with mechanical fractures. Monocrystalline quartz (87%) 
dominates over polycrystalline quartz (1.62%) showing 
straight to strong undulose extinction. K-feldspar (mostly 
microcline with cross-hatched twinning; 4.5%) and  
plagioclase (1%) are subrounded to subangular, Chert 
constitutes the predominant lithic fragments (Figure 3 a). 
The matrix (2% to 15%) is of both calcareous and  

ferruginous nature (Figure 3 a–c). Opaque minerals include 
magnetite, hematite and titano-magnetite. Zircon is obser-
ved as an accessory phase. Figure 3 d shows the detrital 
titano-magnetite grain seen in the arkose sandstone. 
 A total of 35 oriented block samples were collected 
from the outcrops of Jhuran Formation (only from Lower 
and Middle members) exposed in the Jara dome. The 
samples were collected from the horizontal beds of sili-
clastic sedimentary rocks, i.e. sandstones covering 
~500 m thickness. All the samples were drilled and cut 
into standard specimens (2.2 cm length and 2.5 cm dia-
meter). Ninety specimens were selected (21 arkose, 19 
sub-litharenite, 15 wackes and 12 quartz arenite were 
used) for AMS and bulk susceptibility measurements. 
AMS measurements were done in 15 different directions 
using Kappa Bridge MFK1-FA (Brno, Czech Republic) 
susceptibility meter following the standard methods de-
scribed by Jelinek14. AMS results from 23 specimens (out 
of 90) were discarded due to their scattered nature. 
 The AMS parameters measured in this study are given 
in Table 1. The magnetic susceptibility (K) of the rock 
sample is obtained when it is subjected to induced mag-
netization (J) by an applied field (H) following the for-
mula J = kH. The mean susceptibility (Km) is calculated 
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Figure 2. Studied lithostratigraphic sequence of Lower and Middle members of Jhuran formation, Jara dome. 
 
 

Table 1. Anisotropy of magnetic susceptibility (AMS) parameters measured in this study 

Parameter        Formula  Reference 
 

Mean susceptibility  Km = (K1 + K2 + K3)/3  16 
Foliation  F = K2/K3  15 
Lineation  L = K1/K2  25 
Shape factor  T = (22 – 1 – 3)/(1 – 3)  19 
q-factor  q = (K1 – K2)/(0.5(K1 + K2) – K3)  18 

Corrected anisotropy degree  Pj = exp 2 2 2
1 m 2 m 3 m2[( ) ( ) ( ) ]           19 

  where 1 = in K1, 2 = in K2; 3 = in K3; m = 3 1 2 3. .    

K1, Maximum; K2, intermediate; K3, minimum susceptibility axes. 
 
 
by the formula Km = (K1 + K2 + K3)/3 where K1, K2 and 
K3 are the maximum, intermediate and minimum suscep-
tibility axes respectively14. The directions of the suscep-
tibility axes are presented on the lower hemisphere of the 
equal area projection. The magnetic foliation (F) is deve-
loped when the magnetic particles or platy minerals are 
arranged with their shortest and longest AMS axes per-
pendicular and parallel to the bedding plane respectively. 

The lineation (L) is developed when the Kmax axes of par-
ticles are arranged parallel to the water current; however, 
perpendicular or oblique arrangements are also common. 
F and L are obtained using the formula F = K2/K3 and 
L = K1/K2 respectively14,15. 
 Generally, two shape parameters T (–1  T  1) are 
known for the susceptibility ellipsoids. When T < 0, the 
shape of the ellipsoid is prolate (rod-shaped), and when 
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Figure 3. Photomicrographs of sandstones from Jhuran formation. a, Arkosic sandstone with subrounded monocrystalline quartz 
(Qm), K-feldspar (Ks) and plagioclase (plag) minerals cemented by carbonate matrix. b, Wacke sandstone containing largely 
monocrystalline quartz (Qm) cemented by ferruginous cement. c, Quartz arenite with monocrystalline quartz (Qm), polycrystalline 
quartz (Qp), undulose quartz (Qu), K-feldspar (Ks) and iron cement. d, Arkose sandstone showing titano-magnetite grain under  
reflected microscope. 

 
 
T > 0, the ellipsoid is oblate (disc-shaped) and it is calcu-
lated by T = (22 – 1 – 3)/(1 – 3), where 1 = in K1; 
2 = in K2; 3 = in K3 (ref. 16). The other parameter is 
called q-factor, which is commonly used to distinguish 
the nature of fabric development, viz. either depositional 
or tectonic fabric17. Usually q = (K1 – K2)/(0.5(K1 + K2) – 
K3) after Granar18 ranging between 0.06 and 0.7 indicates 
primary depositional fabric, and q > 0.7 indicates tectonic 
fabrics. The eccentricity and shape of susceptibility  
ellipsoid are represented graphically by a Flinn plot, in 
which magnetic foliation (F) and magnetic lineation  
(L) are plotted on the x and y axis respectively.  
Additionally, the degree of anisotropy is obtained by 
Pj = exp 2 2 2

1 m 2 m 3 m2[( ) ( ) ( ) ]           after 
Jelinek19, which is used to describe the degree to which 
the ellipsoid is oblate or prolate. 
 Bulk susceptibility of the samples ranges from 
3.33  10–5 to 8.5  10–4 SI (average value of 1.65  10–4 
SI). Figure 4 shows the isothermal remanent magnetiza-
tion (IRM) acquisition curves obtained using MMPM 10 

(Magnetic Measurements, UK) pulse magnetizer. The 
curves show that the magnetization fields are not satu-
rated till 3T of applied magnetic field. On the other hand, 
the IRM results reflect the differences in magnetic miner-
alogy and grain size of magnetic minerals present in the 
sediment. A steep initial increase up to 300 mT is observed 
for all samples indicates dominance of low-coercivity 
magnetic phases like magnetite and maghaemite. Samples 
2.1AII and 15.3CII demonstrates a high-coercivity phase 
such as hematite at 150–300 mT after which a gradual 
rise is observed till 3T. However, thermal demagnetiza-
tion study on selected samples shows the dominance of 
low coercive force magnetic minerals in the studied sam-
ples. Overall the investigated samples are dominated by 
low coercive mineral, i.e. goethite with an appreciable 
amount of magnetite and hematite mineral assemblage. 
 Table 2 gives the results of AMS parameters obtained 
from this study. The average mean bulk magnetic suscep-
tibility (Km) for arkose, sub-litharenite, wacke and quartz 
arenite samples are 1.31  10–4, 1.55  10–4, 2.30  10–4 
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Table 2. Data of AMS parameters obtained from sandstones of Jhuran formation, Kachchh basin 

  K1  K2  K3 
 

Lithology  n = No. of specimens Km D  I  D  I  D  I L  F  Pj  T  q 
 

Arkose  21 1.16  10–05   69.3  2.1 339.2  3.2  192.3  86.1   1.015  1.044  1.064   0.405  0.09 
Sub-litharenite  19 1.55  10–04   65.3  7 155.9  4.2  276.6  81.9  1.01  1.025  1.036   0.421  0.22 
Wacke  15 2.30  10–04  149.7  6.7  59.7  0.3  327.4  83.3   1.013  1.022  1.037   0.359  0.15 
Quartz arenite  12 2.08  10–04  271.1  4.6   1.6  6  143.6  82.4   1.012  1.017  1.029  0.07  0.53 

Km, Bulk magnetic susceptibility; K1, K2, K3, Maximum, intermediate and minimum susceptibility axes respectively; D and I, Declination and incli-
nation; L, Magnetic lineation; F, Magnetic foliation; Pj, Degree of anisotropy; T and q, Magnetic ellipsoid shape factors. 
 
 

 
 

Figure 4. IRM acquisition curves obtained from arkose, sub-
litharenite, wacke and quartz arenite sandstone samples of Jhuran for-
mation. 
 
 
and 2.08  10–4 SI units respectively (Table 2). The un-
even bulk magnetic susceptibility values in the Jhuran 
sandstones can be attributed to their variable grain size 
and presence of more than one phase of magnetic miner-
als. Figure 5 is the Flinn diagram derived by plotting L 
against F, which displays the frequency distribution of 
Km. It can be clearly noted that Km is mainly controlled 
by grain size variation, i.e. wacke samples have high Km 
while arkose, sub-litharenite and quartz arenite show low 
magnetic lineation and foliation values L = ~1.01; 
F = ~1.02. The Flinn diagram shows oblate-shaped fabric 
for all sandstone types with few samples plotted in 
prolate-shaped field. 
 Figure 6 shows the equal area stereographic projections 
for four varieties of sandstones. The figure shows the pri-
mary sedimentary fabrics with K3 (minimum) axis clus-
tered on the pole, while the K1 (maximum) and K2 
(intermediate) axes dispersed on the horizontal plane. 
Furthermore, wacke sandstone demonstrates excellent 
grouping of K3 axis due to its fine-grained nature, which 
resulted in a fine compaction compared to other coarser 
sandstones (Figure 6 c). The degree of anisotropy (Pj) of 

the studied samples varies from 1.013 to 1.132 (arkose), 
1.004 to 1.098 (sub-litharenite), 1.012 to 1.095 (wacke) 
and 1.009 to 1.06 (quartz arenite), with the average  
values of 1.064, 1.035, 1.037 and 1.029 respectively. The 
relatively high value of Pj is seen in arkose samples can be 
attributed to the existence of magnetite mineral which is 
consistent with petrographic observation (Figure 3 d). 
The plot of T against Pj in Figure 6 a1, b1, c1 and d1 also 
confirms the oblate-shaped AMS ellipsoid. The shape 
factor T obtained from Jhuran sandstones shows strong 
oblate fabrics with T value greater than 0.1 for all sand-
stone types; however, few samples show prolate-shaped 
fabric (Table 2). Another shape parameter q exhibits  
values of 0.08, 0.22, 0.15 and 0.53 for arkose, sub-
lithararenite, wacke and quartz arenite respectively, sug-
gestive of undeformed primary fabrics in the studied 
samples (Table 2). 
 This study shows that the AMS analysis consistent 
with petrographic investigation in sediments is a useful 
method to understand the processes associated with the 
development of magnetic fabric and its palaeoflow direc-
tions, in particular, sandstones. IRM and thermal demag-
netization techniques are used in this study to identify the 
magnetic minerals contributing to the total AMS. The  
results of these methods indicate the occurrence of low-
coercive minerals such as goethite, magnetite and titano-
magnetite with fair amount of hematite in the examined 
samples. The AMS axes (K1, K2 and K3) of the sandstones 
from Jhuran formation plotted on equal area stereo-
graphic projection reflect the primary depositional fabric 
(Figure 6). The mechanism of formation of primary 
sedimentary fabric by means of the long and intermediate 
AMS axis lie parallel to the bedding plane whereas the 
short one deposit perpendicular to the bedding plane1. 
From this result, it can be deduced that the sediments of 
the Jhuran formation deposited in still water with slight 
water current and also by gravity settling process. 
 In general, the fine-grained sedimentary rocks show 
clear foliation plane than coarser ones. The observation 
of AMS axis in the stereographic projection proves that 
the wacke sandstone has well-defined foliation plane as 
seen that the K3 axis clustered well on the pole (Figure 6 c) 
than the arkose, sub-litharenite and quartz arenite samples 
where the K3 axis is dispersed (Figure 6 a, b and d). Also, 
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Figure 5. Flinn diagram of F (magnetic foliation) against L (magnetic lineation) plot for (a) Arkose, (b) sub-litharenite, (c) wacke and (d) 
quartz arenite in oblate-shaped ellipsoid field. 

 
except wacke, other sandstones show slight to moderate 
imbrications which could be attributed to changing 
strength of water current and direction. Among the four 
sandstone types, the AMS axis of quartz arenite is more 
scattered which can be attributed to its coarseness (Figure 
6 d), because deposition of coarse grains occurs during 
high energy environment which can influence the pre-
ferred orientation of ferromagnetic and paramagnetic 
minerals contributing to AMS. 
 The shape factor T value above 0.1 for arkose, sub-
litharenite and wacke shows strong oblate fabric whereas 
quartz arenite indicates slight prolate nature with a T 
value of 0.076, suggesting that a slight strain occurred 
during deposition (Table 2). The q value for all samples 
varied between 0.06 and 0.7, which supports undeformed 
primary sedimentary fabric (Table 2). It is further sup-
ported by the plots of L versus F and T versus Pj, wherein 
the greater part of measured samples falls in oblate-
shaped AMS ellipsoid fields with slight prolate-shaped 
development (Figures 5 and 6 a1, b1, c1 and d1). 
 Although the Kachchh basin has undergone prominent 
tectonic disturbances, absence of lineation is observed in 
all sandstones indicating that the tectonic disturbances 
have very little influence on the studied samples. Usually 
compaction (post-depositional) increases the oblateness 
of susceptibility ellipsoid with depth as a result of com-
pression by overlying sediment layers6,20,21; however, the 

samples of Jhuran sandstones show absence or very little 
compaction effect as the axes are not changed significantly 
within the beds of the studied stratigraphic column. 
 In general, it is difficult to establish the exact direction 
of flow from horizontal primary sedimentary fabric be-
cause the long axis deposit randomly in any direction on 
the bedding plane. However, numerous primary sedimen-
tary structures have been studied to identify the palaeoflow 
directions of the siliclastic rocks of the Jhuran formation 
and its overlying rocks22,23. The available data on the 
sedimentary structures (such as ripple marks, cross-
bedding and groove casts) indicate that the palaeocurrent 
directions of the Jhuran sandstones were NW–SE to NE–
SW. In this study, it is observed that the K1 axis of the 
AMS ellipsoid lies parallel to the flow direction which is 
consistent with the in situ measurements of the above-
mentioned sedimentary palaeocurrent indicators. Figure 7 
shows the rose diagram derived from declination and in-
clination of K1 axis as an indicator of palaeoflow direc-
tion. The established palaeocurrent direction from this 
AMS study for arkose and sub-litharenite is NW–SE 
(Figure 7 a and b), while wacke and quartz arenite show 
NE–SW directions (Figure 7 c and d).  
 Thermal demagnetization and IRM study revealed that 
the primary magnetic minerals which control the AMS 
fabric are goethite, magnetite, titano-magnetite and con-
siderable amount of hematite. The value of bulk magnetic
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Figure 6. Equal area stereographic projection demonstrates the distribution of Kmin, Kint and Kmax axes in the 
analysed samples: (a) arkose, (b) sub-litharenite, (c) wacke and (d) quartz arenite. Plot of T against Pj is shown in 
a1, b1, c1 and d1. 
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Figure 7. Rose diagram derived from K1 (declination and inclination 
values) axis as an indicator of palaeoflow directions for (a) arkose, (b) 
sub-litharenite, (c) wacke and (d) quartz arenite. 
 
 
susceptibility indicated the presence of small amounts of 
paramagnetic minerals. Based on petrographic analysis, 
the sandstones of the Jhuran formation have been classi-
fied into arkose, sublitharenite, wacke and quartz arenite. 
The magnetic fabric of the studied formation indicates the 
primary depositional fabric which developed in low-
velocity water current. The palaeocurrent direction re-
corded in arkose and sub-litharenite is NW–SE, whereas 
in wacke and quartz arenite it is NE–SW direction. The 
overall flow direction is from NW to SE with significant 
changes in the path during the time of deposition of the 
entire sedimentary sequences. Further detailed study re-
garding the separation of individual magnetic minerals 
contributing to the total AMS is essential for greater un-
derstanding. 
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